Abstract-Using fluorescence microscopy of single particles with Förster resonance energy transfer recording, structural rearrangements that occurred in nucleosomes formed on the 603 DNA template at high ionic strength were studied. Within the range of 0.7-1.3 M KCl, large-scale changes occurred in the nucleosome structure, including the formation of at least two states differing in the degree of DNA unwrapping from the histone octamer and affecting from 13 to 35 and more pairs of nucleotides. Content of the fraction of nucleosomes with modified structure varied from 60% at 0.7 M KCl to 100% at 1.3 M KCl. Preservation of the association between core histones and DNA in the new conformational states ensured reversibility of structural changes when KCl concentration was reduced to a physiological level. Reversibility was ~100% upon transition from 0.7 M to 0.15 KCl and decreased to ~50% upon transition from 1.3 M to 0.15 KCl.
INTRODUCTION
Nucleosomes are structural units of chromatin used to pack a genome and they, thus, store genetic information. In nucleosomes, DNA is wrapped over an octamer of core histones; reading genetic information requires nucleosome rearrangement (typically, a reversible one) to facilitate access of various enzymes, such as RNA and DNA polymerases, to DNA. Study of factors causing controlled changes in nucleosome structure and conditions under which they are reversible is important for elucidation of the mechanisms of genome functioning and development of bioengineered systems replicating and utilizing elements of the machinery of the cell nucleus.
Ionic strength is one of the factors used, for example, to assemble structured mononucleosomes from core histones and DNA templates (such as templates 601 or 603 [1, 2] ) with short (147 bp) nucleosome positioning sequences [3] [4] [5] [6] . In solutions, ions participate in stabilization of polycation histone complexes in the core region of the nucleosome and decrease electrostatic repulsion between adjacent polyanionic DNA coils as well as regulate DNA-histone interactions in the nucleosome [4, 5] . Two fluorescent probes making a donor-acceptor pair introduced into a nucleosome may be used to study details of DNA-histone interactions by single particle Förster resonance energy transfer microscopy (spFRET), which allows tracing and characterizing nucleosome subpopulations of different structures simultaneously present in a solution [4] [5] [6] [7] [8] [9] .
Study of the effect of NaCl concentration on the structure of mononucleosomes assembled using the 601 DNA template (the 601 nucleosomes) with spFRET revealed destabilization of their structure under physiological concentration of the salt (0.15-0.3 M) [5, 7] . Destabilization of the 601 nucleosome structure was not observed at lower (0-0.1 M) and higher (0.4-0.65 M) NaCl concentration. Supposedly, destabilization is associated with partial DNA unwrapping off the histone octamer or DNA shift with respect to the histone octamer. Increase of NaCl concentration from 0.7 to 1.2 M was shown to induce large-scale rearrangements in the 601 nucleosome and formation of several conformational states [4, 5, 7] . Structural changes can be accompanied by partial loss of contacts between the H2A-H2B dimers and (H3-H4) 2 tetramer retaining histone association with unwrapped DNA [4] . However, above 0.5 [10] or 0.6 M NaCl [14] , the H2A-H2B dimer starts to dissociate and fully dissociates at 1 M NaCl [4] . At 1.1 M NaCl, dissociation of the H4 histone is observed [4] . In case of the 601 nucleosome, structural rearrangements caused by 1 M NaCl have been proven to be only partially reversible upon decrease of ionic strength [11] .
The 603 DNA template is a 601 template alternative; it is widely used in bioengineered mononucleosome systems with various nuclear protein factors in KCl-based salines [2, 6, 8, 9, 12, 13] . Structural rearrangements occurring in the 603 nucleosome-based templates under the effect of elevated ionic strength and their reversibility have not been studied yet and require investigation. Besides, the manner of interaction of potassium ions with nucleosomes-particularly, the effect on conformation of linker regions in DNA of the 603 nucleosomes-has been shown to differ from that of sodium ions [14] . The work describes specific features of structural changes in the 603 nucleosomes detected by spFRET microscopy in the KCl concentration range of 0.7-1.3 M, as well the analysis of reversibility of these changes.
MOLECULAR BIOLOGY

MATERIALS AND METHODS
To prepare nucleosomes, two types of fluorescently labeled DNA templates with a 147-bp long 603 nucleosome positioning sequence and a 20-bp long DNA fragment free of histones differing by position of the fluorescent probes were used. In the nucleosome assembly template N(13,91), the Cy3 and Cy5 probes were introduced at positions +13 and +91 bp from the start of the 603 nucleosome positioning sequence respectively; in the N(35,112) nucleosome assembly template, the probes were at positions +35 and +112 bp from the 603 sequence start.
The templates were obtained by polymerase chain reaction using fluorescently labeled primers described previously [15] . Isolation and purification of DNA templates were performed as described earlier [6, 9] . DNA concentration was determined by spectrophotometry. Histone H1-free chromatin isolated from chicken erythrocytes was used as source of the core histones [3] . The 603 nucleosomes were assembled on the DNA template according to a previously described protocol [3] in the course of dialysis against decreasing NaCl concentration.
For spFRET measurements, nucleosomes were diluted 50-100-fold to the final concentration of 1 nM in 10 mM Tris-HCl (pH 8.0) buffer containing 0.5 mM EDTA, 2 mM β-mercaptoethanol, and KCl at concentrations 0.15, 0.7, 1.0, or 1.3 M. To study reversibility of structural changes, nucleosomes N(13,91) were first incubated in buffers with 0.7, 1.0, or 1.3 M KCl for 10 min at 10 nM concentration and then diluted to 1 nM in a buffer with the same KCl concentration or 0.15 M final KCl concentration.
For analysis, nucleosome sample was placed into a well of a 12-well flexiPERM (Greiner Bio-One, Germany) silicon chamber fixed on a cover glass. An LSM710-Confocor3 (Carl Zaeiss, Germany) laser scanning confocal microscope with a C-Apochromat water-immersion 40× objective with the 1.2 numerical aperture was used for measurements. Details of the protocol were described previously [6] . Fluorescence was excited with an Ar + ion laser (0.2 μW) at 514.5 nm and registered in the 530-635 (Cy3) and 635-800 nm (Cy5) ranges by avalanche photodiodes. Diameter of the confocal diaphragm was equal to 1 Airy disk.
For each of the samples, fluorescence intensity of single nucleosomes diffusing freely in the focus of a laser beam was measured during 10 min with the integration time of 3 ms. After background correction, fluorescence intensity values of Cy3 and Cy5 in single nucleosomes were used to calculate proximity ratio, C, according to the following formula [6, 9] :
where I 3 and I 5 are intensities of Cy3 and Cy5 signals and coefficients 0.19 and 0.81 allow for partial overlap of Cy3 and Cy5 fluorescence spectra in the 635-800 nm region. Proximity ratio C is similar to FRET efficiency but is not equal to the latter since C does not take into account quantum yields of fluorophores and differences in the equipment sensitivity in the two spectral ranges used.
Sets of C values calculated for the measured nucleosome samplings were presented as frequency distribution histograms and fit with a sum of Gaussianshaped bands corresponding to various conformational states of nucleosomes. For N(13,91) nucleosomes, histograms were presented as superposition of two bands (states) with maxima at 0.02 and 0.6 (for 0.15 M KCl). At 0.7, 1, and 1.3 M KCl, a third band with maximum at 0.5 was introduced into the sum. Similarly, for nucleosomes N(35,112), histograms were presented as superposition of two bands with maxima at 0.02 and 0.61 (at 0.15 and 0.7 M KCl) and the third band with maximum at 0.42 was introduced into the sum for 1 and 1.3 M KCl. Fractions of nucleosomes in different conformational states were calculated as ratios of area under corresponding Gaussian bands to total area under the C histogram (in 5%). Results were obtained in three independent experiments with sampling sets of at least 8000 nucleosomes.
RESULTS AND DISCUSSION Effect of ionic strength on mononucleosome structure was studied by spFRET microscopy using N (13, 91) and N(35,112) nucleosomes differing by position of the donor-acceptor pair in the nucleosome core (Fig. 1a) . In the N(13,91) nucleosomes, probe positions allow one to follow structural rearrangements close to the DNA entry site of the nucleosome by changes in C value. In nucleosomes N(35,112), the probe positions allow one to register changes in DNA fold in central part of the nucleosome.
According to spFRET data, nucleosomes N(13,91) at physiological KCl concentration (0.15 M) were presented by two subpopulations: a minor fraction (14 ± 3%) with C distribution maximum at 0.02 and a major one (86 ± 2%) with distribution maximum at C = 0.6 (Fig. 1b) . In nucleosomes N(35, 112), two populations were also observed at 0.15 M KCl: a minor subpopula-= + tion (5 ± 1%) with C = 0.01 and a major (95 ± 2%) at C = 0.61 (Fig. 1d) . In both cases, the subpopulation with C ≈ 0.6 represents intact nucleosomes with tight fold of nucleosomal DNA around the histone octamer [8] . The subpopulation with C = 0.02 represents nucleosomes with disturbed DNA fold arising, apparently, due to the loss of histones in diluted solutions and, in the case of N(13,91), also due to the so-called nucleosome breathing, that is, temporal spontaneous unwrapping of a short DNA fragment from the histone octamer at DNA entry site of the nucleosome [8] .
The spFRET experiments demonstrated that considerable changes in nucleosome structure occur at KCl concetration above 0.7 M. At 0.7 M KCl, the changes registered for N(13,91) nucleosomes included decrease of the fraction of particles with C = 0.6 down to 40 ± 3%, increase of the fraction of nucleosome subpopulation with C = 0.02 up to 27 ± 2%, and rise of a new nucleosome subpopulation with C = 0.5, the fraction of which made 33 ± 3% (Fig. 1b) . At 0.7 M KCl, structural rearrangements hardly touch the central region of nucleosomes where probes are located in nucleosomes N(35,112) (Fig. 1d) . Therefore, changes in DNA fold occur close to the DNA entry in the nucleosome and involve at least 13 but less than 35 bp in the core region. In the nucleosome subpopulation with C = 0.5, nucleosomal DNA fold changes so that the distance between probes at positions 13 and 91 bp increases according to the Förster theory by less than 1 nm. Increase of the occupation density of the state with C = 0.02 in N(13,91) evidences the increase in the fraction of particles in which DNA is partially unwrapped from the histone octamer close to the nucleosome entry site. Structural rearrangements discovered in N(13,91) at 0.7 M KCl are almost completely reversible upon decrease of the salt concentration to 0.15 M KCl (Fig. 1c) . One may conclude that changes in nucleosome structure at 0.7 M KCl are not accompanied with dissociation of core histones even in the state with C = 0.02, which provides for reversibility of the observed conformational changes.
Increase of KCl concentration to 1 and 1.3 M induces considerably larger rearrangements in nucleosome structure spreading over a nucleosomal DNA fragment of at least 35 bp, which is indicated by changes in the C distributions of nucleosomes N (13, 91) and N(35,112) (Figs. 1g, 1e, 1h ).
At 1 M KCl, considerable subpopulations of N(35,112) nucleoomes with C = 0.42 and C = 0.05 (36 ± 3 and 31 ± 4%, respectively) appear and only 33 ± 3% nucleosomes retain intact structure in the area of probe location (state with C = 0.61). Yet even smaller fraction of N(13,91) particles retains initial structure in the DNA entry site of the nucleosome (state with C = 0.6; 22 ± 4%) and fractions of particles with considerably (C = 0.02) and moderately (C = 0.5) modified DNA fold reach 43 ± 4 and 35 ± 3%, respectively. Structural changes observed in N(13,91) at 1 M KCl are reversible to a significant extent. Decrease of the salt concetration to 0.15 M leads to restoration of the intact structure with C = 0.6 by 71 ± 5% nucleosomes (Fig. 1f) . At 1.3 M KCl, DNA fold is considerably distorted in most nucleosomes and the distortion involves at least 35 bp in the core region. Fractions of N(35,112) nucleosomes in states with C = 0.61, C = 0.42, and C = 0.02 make up 15 ± 5, 14 ± 4, and 71 ± 4%, respectively, and dispersion of the distribution in states with C = 0.42 and C = 0.6 increases considerably. There remains no N(13,91) nucleosomes with intact structure in the solution and the mixture is dominated (81 ± 4%) by the subpopulation with C = 0.02. Despite the impressive change in DNA folding, 49 ± 4% nucleosomes are still able to restore initial structure with maximum of distribution at C = 0.6 after the salt concetration is decreased to 0.15 M (Fig. 1i) . Reversibility of structural changes indicates that, in the state with C = 0.02, DNA unwrapping off the histone octamer in half of nucleosomes proceeds with maintenance of association between core histones and DNA. As demonstrated for the 601 nucleosome [4] , this is possible if DNA is being unwrapped together with histones H2A-H2B, the contacts of which with the (H3-H4) 2 tetramer are disturbed. Loss of the ability to restore the intact structure in some nucleosomes can be associated with dissociation of the H2A-H2B and H4 histones [4, 10] . The dissociation is almost irreversible at low nucleosome concentrations. For the 601 nucleosomes, dissociation of the H2A-H2B dimer starts at 0.5-0.6 M and ends at 1 M NaCl [4, 10] . Analysis of reversibility of the structural changes (Figs. 1b, 1f, 1i ) allows one to conclude that the 603 nucleosomes have enhanced ability to retain association between DNA and histones in the similar KCl concentration range.
Therefore, high ionic strength is yet another factor, in addition to the facilitated chromatin transcription (FACT) complex, providing for ATP-independent reversible rearrangement of the 603 nucleosome structure accompanied by large-scale unwrapping of the nucleosomal DNA from the histone octamer [8] .
